The use of fire to prepare agricultural areas is a technique still used by small farmers in eastern Amazon. This type of management changes the dynamics of soil nutrients, especially phosphorus, which constitutes the most limiting nutrient for crop production in tropical soils. This study was carried out to evaluate changes in phosphorus forms in an Argissolo Amarelo Distrófico (Ultisol) submitted to burning and trituration of secondary forest in eastern Amazon. The evaluated systems were: slashand-burn of vegetation; slash-and-mulch of vegetation; and secondary vegetation. The labile, moderately labile, moderately recalcitrant, available and total phosphorus fractions were assessed at the soil depths of 0.00-0.05, 0.05-0.10 and 0.10-0.20 m. The results showed a predominance of soluble P in acid (moderately labile P) over other forms in all management systems. The management systems influence the content and distribution of the forms of P, where the slash-and-mulch system presented the prevalence of the labile fraction, and the slash-and-burn system contained less labile forms. The slashand-mulch system favored the accumulation of labile P and total organic P.
INTRODUCTION
Agriculture is the main cause of fires in the Brazilian Amazon region, especially in the family farm, since burning for field preparation before planting is used as a secular technique by family farmers in the Amazon and in many other tropical regions (Sá et al., 2007) . Among the main consequences of successive burning in tropical forests are reduced C storage, biodiversity loss (Sampaio et al., 2003) , declining yield, and loss of resilience in vegetation .
In highly weathered soils, such as in the Amazon, phosphorus (P) is regarded as the most limiting nutritional factor to crop production, mainly because of its low availability (Zaia et al., 2008a) , precipitation with ionic forms of Fe, Al and Ca, and adsorption by Fe and Al oxy-hydroxides (Novais et al., 2007; Zaia et al., 2008b) . The biogeochemical cycle of P is modified during vegetation and litter burning, by converting the organic P into orthophosphate (Certini, 2005) , which is easily reactive with soils. Several studies have shown a relationship between vegetation burning and availability and quantities of P forms in soils (Giardina et al., 2000; Galang et al., 2010; Oliveira et al., 2011; Resende et al., 2011) .
In northeastern Pará state, the modified implement TRITUCAP has been used for soil preparation, involving the cutting, grinding and deposition of secondary vegetation on the soil surface (Kato et al., 1999; Denich et al., 2004 Denich et al., , 2005 Reichert et al., 2014 Reichert et al., , 2015a . This technique was developed under the "Tipitamba" project, a partnership between Embrapa Eastern Amazon and German researchers (Comte et al., 2012) . This system has several advantages such as improved physical and chemical soil properties and a reduction in the fallow time (Joslin et al., 2011; Comte et al., 2012) .
Management systems and land use that provide the preservation of soil organic matter (SOM) favor P availability (Busato et al., 2005) , increase the organic content of organic P (Po), and reduce the effects of inorganic P (Pi) adsorption on the soil mineral phase (Cunha et al., 2007) . Many studies have shown the positive effect of adding plant residues to soil, which increases the most labile forms of P and favors their availability to plants (Matos et al., 2006; Ribeiro et al., 2007; Partelli et al., 2009; Xavier et al., 2009) . Thus, the characterization of P forms in soils regarding the function of a crop system or soil management is central to understanding the P cycle, especially on highly weathered soils.
The hypothesis of the current study is that alternative tillage with managed vegetation rather than fire increases the content and availability of P in soils. The aim of this study was to evaluate the changes in P forms on an Argissolo Amarelo Distrófico under management systems of burning and mulching in a secondary forest in eastern Amazon.
MATERIALS AND METHODS
The study was conducted in Igarapé-Açu, in northeast Pará (01° 07' 15" S, 47° 36' 12" W). According to the Köppen classification, the climate is Am. The soil was classified as Argissolo Amarelo Distrófico (Santos et al., 2013) and Ultisol (Soil Survey Staff, 2014) , with a sandy loam texture (624 g kg -1 sand; 251 g kg -1 silt; 125 g kg -1 clay).
The experimental design was completely randomized, with three treatments and five replications, with the following management systems: traditional area of management "slash-and-burn" (SB); alternative management "slash-and-mulch" (SM); and adjacent secondary vegetation as a reference area (SV (Reichert et al., 2015b) .
The soil chemical characterization (0.0-0.2 m) in each area was performed according to Embrapa (1997) ( Table 1 ). The total P content (Pt) was determined from nitric-perchloric digestion (Olsen and Sommers, 1982) and the P content available through Mehlich-1 extractor (Embrapa, 1997). The organic labile P contents were obtained by NaHCO 3 0.5 mol L -1 extraction (Bowman and Cole, 1978a) , while the moderately labile and moderately resistant fractions, soluble in sulfuric acid and sodium hydroxide, respectively, were obtained employing the sequential extraction method (Bowman, 1989) (Figure 2 ). Soil Pi contents of each fraction were determined following clarification of the extracts with activated charcoal, previously purified (Guerra et al., 1996) . Phosphorus forms content in acidic and alkaline extracts were quantified by Murphy and Riley (1962) method. Organic P (Po) of each fraction was obtained by the difference between Pt and Pi.
The results of P fractions were subjected to analysis of variance and where significant effect (p<0.05) compared the test medium by Duncan 5 % of probability. The following model was used:
where μ = experimental overall average; τ = effect due to treatment i (i = 3); and e = experimental random error (j = 5). 
RESULTS AND DISCUSSION

Available phosphorus (P-Mehlich)
Soil available P content was higher in the slash-and-mulch system at all depths (Table 2) , probably due to higher the Po content, easily accessible to plants after mineralization. In tropical conditions, Po is of great importance to P conservation in soils (Cunha et al., 2007) . In a study that assessed the fragmentation, decomposition and nutrient release of biomass from shredded secondary forest in the Amazon, Reichert et al. (2015b) observed a reduction in residual P in the crushed plant material and their release in soil solution, probably because the P concentration in plant tissue primarily occurred in cell vacuoles as inorganic P and monoesters (Giacomini et al., 2003) , which are highly soluble forms. (Bowman and Cole, 1978a; Bowman, 1989) . Soil in the secondary vegetation system also presented a higher available P content compared to SB, at the depths of 0.00-0.05 and 0.10-0.20 m. Although combustion promotes the release of P from vegetation biomass and increases the available P content through the addition of ash (Kato et al., 1999; Giardina et al., 2000; Rheinheimer et al., 2003b; Silva et al., 2006) , the results point out the unsustainability of the SB system, since the P levels were below those of the SV system. Phosphorus availability in areas with and without burning of vegetation in northeastern Pará was evaluated by Trindade et al. (2011) , and they found a reduction in P availability of over the years in burned areas. Probably, this decrease is a burning effect, promoting fast mineralization of organic P, which subsequently, if not absorbed by plants or microorganisms, could be adsorbed into the soil and thus becoming less labile.
Although the SM system presented higher P available levels, they are still considered low (<10 mg dm -3
), pointing out the needed to use phosphate fertilizer to achieve economic viability (Kato et al., 1999; Denich et al., 2004) .
Labile inorganic and organic P (Pil and Pol)
Soil in the SM system showed the highest Pil and Pol levels at all studied depths (Table 2 ). This result emphasizes the positive effect of plant residue deposition on the ground, since SOM increases and microbial activity contributes to the increase of labile forms of P, in addition to decreased adsorption and consequent increased availability of P to plants (Andrade et al., 2003; Souza et al., 2006) . The addition of organic residues to soil promotes the incorporation of P into the biological cycle, thus maintaining the fractions of labile P (Xavier et al., 2009 ). Moreover, Oliveira et al. (2011) showed that pasture burning reduces microbial P production, due to a decrease in accumulated biomass on the ground surface.
The deposition of biomass in the SM system favored Pol accumulation in the soil. Organic anions released by biomass transformation block P adsorption sites (Iyamuremye et al., 1996) , reducing the phosphate binding energy to the functional groups of inorganic soil colloids (Rheinheimer et al., 2003a) . This fraction is easily mineralized, supporting plants Table 2 . Contents of fractions of P in an Argissolo Amarelo Distrófico (Ultisol) under slash-and-burn (SB), slash-and-mulch (SM) and secondary vegetation (SV) systems at different depths (1) Total phosphorus determined by Olsen and Sommers (1982) .
(2) Percent recovery relative to Pt. Means followed by the same letter in the column, by depth, do not differ by Duncan test (p<0.05).
Rev Bras Cienc Solo 2016; v40:e0150198 and microorganisms (Rheinheimer et al., 2008) . This reservoir can be very important to soil fertility, especially in low fertility soils (Guerra et al., 1996) , like eastern Amazonian soils.
Labile organic P (Pol) predominated over Pil, in all systems and evaluated depths, which was also observed by other authors (Bowman and Cole, 1978b; Guerra et al., 1996; Solomon et al., 2002; Matos et al., 2006; Cunha et al., 2007; Zaia et al., 2008a,b; Partelli et al., 2009 ). This fact highlights the importance of the organic fraction, especially in deficient soils, like weathered ones where available P is probably related to Po fractions (Guerra et al., 1996; Cunha et al., 2007) .
Inorganic and organic moderately labile phosphorus (Pi-H + and Po-H + )
Higher levels of Pi-H + in all depths (Table 2 ) occurred in soil in the SM system. As observed for Pil, the mineralization of Po probably released Pi. Through binding with Fe and Al oxy-hydroxides, its concentration increased in the SM system. Studying different soil management systems in the Brazilian Cerrado, Neufeldt et al. (2000) found that total P extracted with HCl (less labile) increased from 99 mg kg , in areas with grain cultivation and pasture, respectively. This increase was associated with the effect of P addition through the application of soluble phosphate fertilizers, of which inorganic P was probably released to the solution and easily chemisorbed by Al and Fe. However, in this study, this increase may have been due to the mineralization of Po derived from the incorporation of plant residues spread over the soil following plant shredding.
Our study shows that the Pi-H + contents were higher in the SB system compared to the SV system for all depths tested. This result indicates that vegetation burning in the SB system, responsible for the release of P contained in the aerial biomass of the vegetation and the litter (Giardina et al., 2000) , resulted in an increase in inorganic phosphorus availability and, probably, also increased the chemisorption of nutrients to Al and Fe oxides (Galang et al., 2010) . In our study, sampling was performed four years after the last burning in the area under the SB system, demonstrating the ephemeral effect of ash addition.
Significant differences were observed in Po-H + content only in the 0.05-0.10 m depth, where the means were higher for the SM and SB systems. The highest Po-H + content for the SB system may be explained by the accumulation of ash, derived from the burning, containing calcium phosphate in its composition (Ball-Coelho et al., 1993) , which can also be a source of Pi and support both microbial activity and the formation of the Po-Ca complex (Correia, 2010) . On the other hand, the Po-H + content in the SM system is superior to the content found in the SV system due to the higher availability of organic matter ( Table 1 ), considering that Po may be easily associated with SOM (Tiessen and Moir, 1993) .
Inorganic and organic moderately resistant phosphorus (Pi-OH¯ e Po-OH¯)
No difference was observed between the two systems at all depths studied, i.e., the accumulation and the depletion of the Pi-OH − were equivalent; thus, management using the SM and SB systems did not interfere in this P fraction. No significant effect in the P content extracted with NaOH was also observed by Lilienfein et al. (2000) for seven different soil uses/managements of Oxisol in the Brazilian Cerrado.
The soil under the SM system presented a higher content of Po-OH − at the depths 0.00-0.05 and 0.10-0.20 m. The secondary forest shredded vegetation contributed to the higher fraction Po-OH − content, since the moderately resistant fraction, extracted in alkaline medium, is associated with humic acids (Schlesinger et al., 1998) . Preservation of SOM leads to the supply of more resistant forms that, despite its difficult availability, plays an important role as a reservoir compartment of P, and is capable of being released on a long-term basis (Bowman and Cole, 1978b 
Inorganic and organic total phosphorus (Pit and Pot)
Highest contents of Pit and Pot in all the sampled depths (Table 2) were observed for the SM system. Busato et al. (2005) , studying sugarcane management systems, found higher concentrations of Po in soils where sugarcane trash was incorporated for 55 years, indicating that sugarcane crop residues maintenance may contribute to the increase of this fraction. The accumulation of organic matter and consequently of organic P, in minimum tillage systems, result from the crop residue left over the soil surface (Núñes et al., 2003) . These same authors also showed that most of these residues, rich in P, could provide Pi through the mineralization of Po, enabling microbial re-assimilation, plant absorption and reaction with mineral components.
The Po forms percentage in Pot showed the prevalence of the fraction extracted in acid medium in all the systems, independently of depth (Figure 3 ). This result is in accordance with those obtained by Matos et al. (2006) , who observed a prevalence of soluble in acid Po in a Argissolo Vermelho-Amarelo Distrófico (Dystrophic Red-Yellow Ultisol) cultivated with exclusive corn and intercropped with beans. The P fractions extracted with NaOH and H 2 SO 4 seem to play a major role in the process of available P maintenance (Araújo et al., 2004) , and there is evidence of the participation of these fractions, often considered less labile, in the supply of P to corn due to their noted decrease .
Soil under the SM system presented higher percentage of Po in more labile forms (Pot and Po-H + ), suggesting that soil management with the preservation and addition of organic matter may contribute more easily to the available P in the soil, since the more recalcitrant forms are slowly released. Studying the bioavailability of accumulated P forms in soil cultivated under No-tillage system with different quantities of P added, Gatiboni et al. (2007) concluded that, on a long-term basis, all the P forms in soil influence the bioavailability of P, although the liberation of P through the recalcitrant forms occured at an unsatisfactory rate and in insufficient quantities for plant absorption.
There was a prevalence of Pit over Pot in soil Pt (Figure 4) , as noted by other authors (Guerra et al., 1996; Núñes et al., 2003; Rocha et al., 2005; Cunha et al., 2007; 2008). The Pot percentage observed in the present study, which ranged from 42 to 47 %, was superior to that found by Núñes et al. (2003) in an Argissolo Vermelho-Amarelo (Ultisol) under a minimum tillage system, where the Po participation in Pt was approximately 29 % .This Pot percentage was also within the range found by Guerra et al. (1996) for several soils in Brazil, where the organic fraction ranged from 13 to 47 % of total the Pt recovered, in Neossolo Quartzarênico (Entisol) and Argissolo Vermelho-Amarelo (Ultisol) samples, respectively. However, Xavier et al. (2009) , evaluating the organic fertilization and the use of green manures in different fractions of P in soil in areas under organic agriculture in Ceará, found that the organic P compartment was responsible for over 50 % of the soil Pt in all the evaluated areas, indicating that the Po forms play a vital role in P cycling and plant nutrition in sandy soils. Despite the higher contribution of Pit, the Pot percentages found in the present study are significant, as suggested by Partelli et al. (2009) , who obtained a mean of 43 % Pot in soils cultivated with Conilon coffee under different organic production systems.
The recovery percentage of the method, i.e., the relation (Pi+Po/Pt), ranged from 72 to 114 % of Pt, with a mean of 99 % (Table 2) . Using the same method, Zaia et al. (2008b) found recovery rates ranging from 40 to 169 %, Partelli et al. (2009) from 51 to 111 %, and Guerra et al. (1996) between 48 and 109 %, with a mean of 63 %.
Total phosphorus (Pt)
Soil management significantly affected the Pt content in soil at the 0.05-0.10 m depth ( Table 2 ). The SM system resulted in a higher Pt content at this depth. The other systems show that the adoption of management practices that maintain SOM favor the accumulation of P in the soil, especially due to the contribution of Po. Studying P losses by erosion and the distribution of chemical forms of P influenced by the soil preparation system, Núñes et al. (2003) Percentage distribution of total organic P (Pot) and total inorganic (Pit) in relation to total P recovered, in slash-and-burn (SB), slash-and-mulch (SM) and secondary vegetation (SV) systems at different depths in an Argissolo Amarelo Distrófico (Ultisol). present higher Pt contents. The authors suggest that this is a result of the reduction of soil losses by erosion, as well as of the favored accumulation of P by crop residues left on the soil surface.
In soil cropped to sugarcane, Busato et al. (2005) found that the adoption of a management system without burning that includes the preservation of the crop residues for a long period, besides preventing the emission of atmospheric pollutants, enabled a higher P content in the soil not only on the surface (0.00-0.20 m) but also in the subsurface (0.20-0.40 m), supporting the findings of our study. In soil under no-tillage (NT) compared to adjacent areas where crops have never been grown, Tokura et al. (2002) also found that the Pt values were higher over time in the NT system due to the cycling of nutrients, favoring the activity of microorganisms and, consequently, the mineralization of Po. Furthermore, Tiecher et al. (2012) , studying the distribution of P forms in soils under NT and conventional planting, also found a higher content of Pt on the soil superficial surface under NT as a result of both reduced loss to erosion and the decomposition of vegetal residues.
CONCLUSIONS
Slash-and-mulch system increases soil phosphorus availability due to a higher nutrient cycling; however, soil available P is still not enough to fulfill the needs of the following crops, therefore necessitating the addition of phosphate fertilizers.
Soil under slash-and-mulch system showed prevalence of the labile fraction, whereas soil under the slash-and-burn system showed a predominance of the less labile fraction (P-H + and P-OH − ).
A wide prevalence of the Pol fraction over the Pil and great contribution of the Pot fraction to the soil Pt occurred in all management systems, demonstrating the importance of the organic fraction to the availability and maintenance of P in the soil.
